Are analyzed the catastrophic seismic events near Chilean coast and generated by them tsunami 1 April 2014 to 15 north of Iquique with magnitude 8.2. It is noted that event occurred 1 April 2014 was in fact predicted in work (Mazova and Ramirez 1999), in which there were analyzed all strongest Chilean tsunamigenic earthquakes with sources near the Chilean coast. Analysis of catastrophic earthquakes and tsunamis in given region, localization of source of historical earthquakes and character of generated by them tsunami waves permitted authors in that time to make a conclusion about possibility of repeated catastrophic earthquake and tsunami in near 10-20 years. The events near Iquique and Arica city in April 2014 are in this time 20 period. Thus, the evidences, presented in this work, support preliminary prognosis made by authors in 1999.
1. General characteristics of seismic activity off the coast of Chile. As was previously predicted by a number of authors see, e.g., (Mazova and Ramirez 1999) , (Mazova and Soloviev1994) seismic activity around the perimeter of the Pacific Ocean will increase substantially by the end of the 20th and the beginning of the 21st centuries. Indeed, there was a series of 25 catastrophic earthquakes accompanied by a tsunami: in the Indian Ocean near Sumatra on December 26, 2004 with a magnitude of 9.1, earthquake and tsunami on November 15, 2006 in the Kuril-Kamchatka region, a catastrophic earthquake with a magnitude of 8.8 that occurred in the middle part of Chile on February 27, 2010, a tsunamigenic catastrophic earthquake around Japan on March 11, 2011 with a magnitude of 9.2 and the last event -a mega-earthquake and tsunami in northern Chile on April 1, 2014 with a magnitude 8.2. The nature of the generated tsunami waves, for each of these events, their distribution 30 and behavior in the coastal zone, have been analyzed in sufficient detail in the literature see, e.g., (Pararas-Carayannis 2010), (Ramirez et al. 1997) . The need to consider the earthquake source of a more complex form, adequate to the implementation of aftershocks during an earthquake, was shown in our previous works. (R. K Mazova et al. 2014) , (Lobkovsky et al. 2006) .
It is well known that in subduction zones the strongest earthquakes with M ≥7 usually generate tsunamis. An analysis of catastrophic earthquakes shows that the destruction of infrastructure and population loss in coastal areas are mainly not due to movements of the earth's surface during the earthquake itself, but because of the tsunami that followed it, e.g., (Murty 1977) , (Mazova et al. 1983) . Tsunami is a danger not only for the nearby coast, but also for the coasts located at a considerable distance from the area of their generation. Most of the sources of tsunamigenic earthquakes in the Pacific seismic belt are located on the terraces of the continental slope of the deep-water trench (Lobkovsky L and Lobkovsky B 1984) , (Lobkovsky L 1988) and their properties are essentially determined by the type of subduction zone. According to modern concepts of 40 geotectonics (Lobkovsky L1988) , (Lobkovsky L et al. 2004 ) , there are two types of subduction zones: the Chilean type and the Mariana type. The Chilean type is characterized by a deep-sea trench and a strong coupling between the continental and oceanic lithospheric plates during the subduction process, and seismic activity in the Chilean-type subduction zones leads to strong tsunamis. Examples of Chilean-type subduction zones are the areas of the Kuril-Kamchatka and Japanese deep-sea trenches. Seismic activity in the Chilean subduction zone leads to the emergence of strong tsunamis that have repeatedly 45 attacked the coast of Chile and caused great damage and human casualties, e.g. (Mazova and Ramirez 1999) , (Murty 1977) , (Mazova et al. 1983 ). Thus, historical records indicate that a series of catastrophic tsunamigenic earthquakes (Mazova and, Ramirez 1999) , (Mazova et al. 1983 ) occurred off the coast of Chile. Chile is located in one of the most seismically active areas of the world with 15-30 weak shocks daily in northern Chile. This high level of seismic activity is due to the geological structure of northern Chile, where a deep-water trench (up to 3000 m deep) is located near the coast. However, there is also a 50 very smooth continental slope that extends 150 km from the coast to the trench, thus forming the terrace.
It is well known that the tsunamigenic earthquakes that occur near the northern coast of Chile pose a danger to local shores and shores thousands of kilometers beyond this coast. The tsunami that occurred during the Chilean earthquake in 1868 reached the shores of New Zealand. Similarly, the tsunami caused by the Chilean earthquake in 1960 reached the shores of the Kamchatka Peninsula, the Kuril Islands and Japan. Historical records indicate that in the XIX century a number of catastrophic 55 tsunamigenic earthquakes occurred on the northern coast of Chile (Pararas-Carayannis 2010), (Emily et al. 2014). One of them happened on August 13, 1868 with a maximum magnitude of M = 8.5 in the southern Peru region, with an earthquake source extended to the northern coast of Chile, near the city of Arica, which caused a large tsunami, later called as Arica tsunami. The epicenter of the earthquake was less than 100 km from the coast, on the terrace of the deep-water trench and in almost all coastal points where the tsunami was recorded, it began with the withdrawn of water from the coast, followed by a wave train 60 in which the second wave was the most destructive (Pelinovsky & Mazova 1992) . Presumably, the movements in the seismic source were directed downwards and were accompanied by horizontal movements of the keyboard blocks. Downward movement in the area of the seismic source was directed to the coast of Chile. The tsunami waves generated by this earthquake reached the maximum height of the runup on the shore up to 21 m. Eyewitnesses, survivors, described it as a tsunami: "From the ocean with a thundering noise, a huge wall of phosphorescent and foaming water washed over" or "The Ocean has washed 65 over the shore in the form of a terrible wave ... carrying a trial on its crest." Also, with the source off the northern coast of Chile, on May 10, 1877, a destructive earthquake with a magnitude of M = 8.8 occurred, which was accompanied by a catastrophic tsunami. In the literature, this tsunami is referred to as the Iquique tsunami. In the city of Iquique, the heights of the waves on the coast reached 4.8 m, and at various points on the coast of South America, tsunami waves attack the shore with a height of 24 m. Entire blocks of cities were washed away and destroyed. In Iquique alone, 30 people died. In the 20th 70 century, three catastrophic earthquakes accompanied by a tsunami also occurred on the coast of Chile, of which two were located in central and northern Chile. Thus, on August 16, 1906 , an earthquake with a magnitude of 7.8 occurred in the central northern part of the Chilean coast. The greatest damage was in the city of Valparaiso. The maximum heights of tsunami waves along the coast reached 3.5 m. Runup process ashore proceeded calmly, in the form of coastal flooding. On May 22, 1960, a destructive mega-earthquake with a source in the southern part of middle Chile with a magnitude of M = 9.5 occurred. The 75 maximum rise of water on the coast of Chile reached 25 m. In July 1995, in the north of Chile, near the city of Antofagasta, a destructive tsunamigenic earthquake with a magnitude of M = 8.1 occurred, the sea reached 130cm above the corresponding level for that moment ( Ramirez et al. 1997 ) while in Caleta Blanco, a place located 60 km south of the city of Antofagasta the Nazca plate, had the highest penetration 2 m, ( Fig.1 ) (Mendoza 1997) and also in this place the highest intensity is recorded, the mountain throw rocks of great size and weight, happily that area was unpopulated, the sea registered the highest runup of 80 245 cm measured from the average level of the sea. Despite the modest size, this tsunami was reported to Pacific-wide, and reached 300 cm amplitude on the coast of Hiva Oa, Las Marquesas Islands, which sank two small boat and inundated 40,000 km 2 of land (Ramirez et al.1997 ).
90

Fig.1. Greater displacements of the Nazca plate during the 1995 earthquake in Antofagasta (Mendoza 1997) 95
In the XXI century, the strongest earthquakes occurred in the middle and northern part of the coast of Chile at the beginning of the century (Table 1) Seismic activity in the Chilean subduction zone leads to the emergence of strong tsunamis that have repeatedly attack the coast of Chile and led to great destruction and human casualties.
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It is important to note that the earthquake was preceded by an increasing seismicity and followed a South-North direction pattern (Emily et al.2014) ; in this regard, during the month of March 2014, shortly before the earthquake occurred on April 1, 14 precursor earthquakes occur in the area of rupture; 3 earthquakes of magnitude 4.5º to 4.9º, 7 earthquakes of magnitude 5.1º to 5.8º and finally very close to April 1 there are 4 earthquakes of magnitude 6.2º to 6.7º. This is probably the historical model of precursor earthquakes that precede a great earthquake in this area. Something similar happened in this same area 125 before the great earthquake of August 13, 1868, the story indicates the following: "August began with frequent seismic movements that kept the neighbors in distress and caused the amusement of the sailors, anchored to a mile of location, when they saw them launch into the streets with screams and terror", the author of this story, refers to the observations of the sailors anchored off the port of Arica some two weeks before the great earthquake of 1868 on the north coast of Chile . (Urzúa 1969) .
It is analyzed catastrophic seismic events off the northern part of the Chilean coast on April 1, 2014. Around the city of Iquique, 130 the earthquake had a magnitude of 8.2, the epicenter was at the point of 20.518° S and 70.498° W in the area of the seismic gap, called the northern Chilean or Iquique seismic gap. Tsunami waves were recorded on the coast of Chile in the cities:
Pisagua -1.7 m; Yunin -1.7 m; Iquique -1.6 m; Punta Negra-1.6 m; Alto Hospicio -1.6 m; Chucumata -1.3 m; Arica-0.7 m.
These data, as well as data on aftershocks that were freely available, were the basis of the present study. The calculation was carried out in the Pacific Ocean in a square of 60 0 -90 0 W and 10 0 -60 0 S (grid size 1798x2995), bathymetry with a resolution 135 of 1". Numerical simulation was performed using the finite-difference scheme. (Sielecki and Wurtele 1970 ).
To implement the task, two scenarios of earthquake source formation and subsequent tsunami source generation were considered. Data on the formation of a seismic source were taken from Internet resource ECDM_20140402_ Chile_Earthquake 2014. To estimate the size of the tsunami source and the height of the wave offset in the source, the formulas of Iida and Wells were used. (Wells and Coppersmith 1994) , (Voltsinger et al. 1989 ). To simulate the generation and propagation of a tsunami, for the realization of an earthquake there were considered two scenarios with two-and five-block sources. The main indicators of the adequacy of the simulation were selected tide-gauge records of European Commission modeling of disasters, which is freely available. 
Fig.5. Location of virtual tide gauges and seismic sources used in computations for Scenario 1 and Scenario 2. (Gebco 195
Digital Atlas, electronic resource, 2018).
Scenario 1.
For scenario 1 we consider a bipolar elongated source of 125.3 × 250.6 km in size, oriented downward to the coast (Fig. 4a) . The area of the source is 31000 km 2 , with a height of maximum vertical lift of 9.1 m. (Table 3 ). In Fig.5 points are given on a 10-meter isobath, where virtual tide gauges were put up for calculation. 200
The results of computations in the Scenario 1 for the maximum wave height, for the height of the first wave, for the minimum level shift for the 10-meter isobath, are given in In Fig.6 four positions of the wave fronts are given for the generation of an elongated bipolar source for Scenario 210 1 (Fig.4.a) . Scenario 2. For a more detailed description of the process, it is necessary to select the shape of the source corresponding to the direction of the seismic intensity of the process (Fig.3a) . For this, a five-block source shape was chosen, which most adequately corresponds to the aftershock process in a given earthquake (Table 3 , five-block source). When considering the second scenario, we proceeded from the condition of equality of the areas of the surfaces of both sources at the initial time 235 moment. If we take into account the localization and time of aftershocks, then the shape of the source will have a more complex appearance (Fig.4b) . According to the seismic process in the source, the movement of the keyboard blocks is defined in Table   5 . The simulation results are shown in Table 6 . 250 3. Analysis of the spectral characteristics of the wave field during a tsunami 01.04.2014 near the Chilean coast.
Using the results of our computations of the generation and propagation of tsunami waves in a limited water area of the Pacific Ocean near the northern part of the Chilean coast, a one-dimensional and wavelet spectral analysis was carried out and 255 the spectral characteristics of the wave process during a tsunami on April 01, 2014 in the near-field zone of the Chilean coast were obtained. All points were calculated using the discrete Fourier transform, where the spectral density of the signal can be The graphs show the spectral density modules in decibels (dB):
The signal energy is written as follows:
(3) 265 Fig.9 shows the seismic source, and Fig.10, 11 show tide-gauge records and wavelet spectrograms of wave fields from nearfield sources corresponding to scenarios 1 and 2. The considered points are shown in the direction from the south of Tarapaca to the north to Lima (Fig. 9 ). When considering both scenarios, we proceeded from the condition of equality of the areas of the surfaces of both sources at the initial time moment. Since the first scenario is based on a two-block longitudinal model, when the block is oriented towards 280 the coast downwards, it is obvious that in most points of the nearest coast, a depression wave will be observed first. As it is known from hydrophysics, (Pelinovsky & Mazova 1992 ) if a wave is preceded by a negative phase, then the next wave can https://doi.org/10.5194/nhess-2019-278 Preprint. Discussion started: 15 October 2019 c Author(s) 2019. CC BY 4.0 License. be significantly increased, as observed on tide-gauge records at those points where virtual tide gauges were exposed. If we take into account the localization and time of aftershocks, then the shape of the source will have a more complex form (Fig.4b) .
According to the seismic process in the source, the movement of the keyboard blocks is defined in Table 5 . 285 Fig.10, 11 show the comparison of wavelet spectrograms for both scenarios. It is well seen that the character of the distribution of low-frequency components for Tarapaca is essentially different. While for a two-block elongated source, the areas of greatest intensity (up to 35 dB) are in the low-frequency range and extended in time, but for a 5-block source, these areas are of lesser intensity (up to 20 cycle per hour (cph)), are more localized in time and shift in the frequency range up to 12 cph (which corresponds to 8-min wave period). In p. Patache, as compared with the first scenario ( Fig. 4.8b) , the areas of greatest intensity 290 (up to 20 dB) are distributed almost evenly throughout the entire time interval. In p.Arica, the areas of low-frequency components are well pronounced at 4 time intervals: 25-50 min; 75-90 min; 95-110 min; 170-185 min with an intensity of up to 25 dB, which exceeds the intensity of the wave process in the implementation of 310 the first scenario. The regions are localized in the frequency range of 5-10 cph, which corresponds to 6-12 min waves. It is clearly seen that the intensity of the wave process under implementation of the second scenario has increased essentially, which seems to be associated with possible resonant effects with appropriate keyboard blocks movement in the source and a characteristic curved coastline. Thus, it can be assumed that catastrophic events in the p. Arica region may be due to the complex nature of the seismic source during a concrete earthquake. 315 At the points of Nazca and Lima, due to the interaction of a complex wave field with the peculiarities of the coastal relief, 330 features of a shift over a time interval are observed, with a significant decrease in the intensity of the wave process during the propagation of a wave to northern Chile.
Thus, a numerical simulation of the last catastrophic tsunami with a seismic source, localized near the northern coast of Chile, performed, demonstrates that taking into account the complex structure of the seismic source allows us to describe a number of effects in the near-field zone that are difficult, and sometimes impossible, to explain using a simplified model seismic 335 source.
Conclusion
Based on numerical simulation, a study of the generation and propagation of tsunami waves during the strongest earthquakes near the coast of Chile for the earthquake of April 1, 2014, allows us to estimate the maximum run-up heights throughout the coast of the estimated water area. The tsunami caused real damage in many areas of the Pacific coast of northern Chile during 340 the 2014 earthquake. Preliminary results obtained in this work allowed us to obtain additional data on the size, direction and intensity of seismic sources of the earthquake in Chile on April 1, 2014 on the parameters caused by it destructive tsunami in the Pacific. For numerical simulations, a keyboard model of earthquake sources was used, developed on the basis of additional data on real-time monitoring of seismic energy release peaks. The conducted numerical simulation of the source with the division into keyboard blocks made it possible to study the features of the wave field formation both in the near-field and in
